A ti in the case of earthquake loadings or wind loadings which vary significantly throughout the continental United States, a large variation in thermal loadings can be expected. Structures in some parts of the country are more likely to experience large thermal loadings due to specific meteorological conditions. It is not necessary to take the severe conditions experienced in one part of the country into consideration in bridge design for another part of the country where totally different environmental conditions may exist.
The current AASHTO Code' deals only marginally with temperature effects in bridge design. The onl y factors addressed are overall expansion and contraction and no adjustments are made for variations in weather conditions through the country other than a distinction between "rnoderate'* and "cold" climates, The two foreign codes that deal extensively with temperature distributions through bridge superstructures are the British BS 5400' and New Zealand Ministry of Works Specifications. ' No variation of design conditions with location are suggested by these two codes, since they are intended as specific design guidelines for the British Isles and New Zealand, respectively. The research on which thesè See AASH fO Specification, Section 3.16.
codes were based indicates that very little variation in thermal loadings occurred with a change in location in the respective countries. Ref. 4 and its derivative Ref. 5 are the first attempts to include a temperature gradient into general American bridge design practice.
The large variations in meteorological conditions in the United States necessitate the quantification of extreme thermal loadings at representative locations throughout the country according to which acceptable design criteria for the American bridge codes can be developed. A heat flow model was developed to analyze the possible influence of weather conditions.
The main emphasis in this paper is the magnitude and effect of nonlinear temperature distributions over the depth of a member. Appendix A contains a brief discussion, with illustrations, of the effects of a particular temperature distribution on a specific rectangular member.
HEAT FLOW COMPUTER MODEL
In order to quantify the magnitude of temperature differences expected in bridge decks at extreme conditions, a one-dimensional computer heat flow model' was used. In the development of the heat flow analysis, extensive use was made of material previously developed. The purpose of this study was not the development of new and improved heat flow models hut rather the use of these models to study the variability of thermal effects across the continental United States.
The three general processes of heat transfer are conduction, convection and
Synopsis
The effects of nonlinear temperature distributions in bridge structures resulting from solar radiation and other related weather parameters were investigated. A finite difference heat flow model was developed to simulate transient heat flow in bridges. Reasonable agreement was found between computed temperature distributions and experimental measurements for the Kishwaukee River Bridge at Rockford, Illinois.
Meteorological data from 26 SOL-MET stations spread across the continental United States were used to compute possible extreme temperature distributions in bridges located at those stations. Temperature differences approaching 5TF (32`C), the value contained in the New Zealand specifications, were obtained for a bare concrete deck located in the desert Southwest United States. Moderate response was found for coastal areas. The temperature difference cited is the differential between the maximum temperature during the day, at the top of the deck, and the minimum temperature. at some section low in the cross section but generally not at the bottom : at the same time.
Simplified relationships of curvature-depth and residual stress-depth due to nonlinear temperature distributions in box girder bridges were developed for application in bridge design at different locations in the United States, radiation. All three modes are involved in the heat transfer process which takes place in bridges. A finite difference, heat flow model was developed which incorporates the heat transfer variables and weather data for the determination of vertical temperature distributions at various times in a typical bridge section.
Two-and three-dimensional heat flow models are also possible, and may be formulated using either finite differences or finite elements. For this study, there seemed to he no advantage to the finite element approach, and the finite difference approach was simpler to implement. Ref. 14 describes a study which used a two-dimensional heat flow model in a study of concrete box girder bridges. This was necessary in Re£ 14 because part of the interest was the temperature gradients through the web thicknesses and in the effects of the orientation of the bridge relative to a north-south axis. Many details were necessary for these purposes.
The one-dimensional heat flow analysis was adequate for this study because the interest was in overall response of bridge structures to a relatively large number of different climatic conditions.
FIELD MEASUREMENTS ON THE KISHWAUKEE RIVER BRIDGE
In order to verify the ability of the analytical model to predict the temperattire distribution in a bridge deck at various times, given the transient weather conditions, field measurements were performed on the Kishwaukee River Bridge. 15• ' 6 This is a five span segmentally constructed box girder bridge near Rockford, Illinois. It has end spans of 170 ft (51.8 in) and three interior spans of 250 ft (76.2 in) with an overall depth of!! ft 7^ in. (3.55 m). Fig. 1 shows the cross section of the bridge. Eight Carlson strain gauges were cast into the bridge at each of three different sections of the bridge. In the webs of each of those sections a gauge was located near the top, 4 ft 8 in. (1.4 m) above the soffit and just above the soffit. Strain gauges were also placed above and below the cavity of the box girder section. The deck was paved with 1.75 in. (45 mm) of blacktop. Apart from strain readings for which those gauges were originally intended, temperature readings can also be made. Temperature readings as well as measurements of the related weather parameters were taken for a 56 hour period between July 8 and 10, 1982. The measurements were compared with the results of the computer heat flow simulation. Fig. 2 shows a comparison of measured and computed temperature changes at the top, middle and bottom of one of the webs, as explained previously. The plotted points represent measurements while the curves were extracted from computed results. Similar results were obtained for the other cross sections. The results were deemed of acceptable accuracy for the extension of model simulation to other bridges where hourly weather data were available.
WEATHER DATA COLLECTION INCLUDING SOLAR RADIATION
There are 89 weather stations in the United States where solar radiation intensities are recorded. Solar radiation has been recorded on an hourly basis at only 40 stations for varying periods starting in 1952." For all stations, however, meteorological measurements related to solar energy are available, which, in absence of radiation data, can be used to estimate instantaneous vaIues of radiation. Data on hours of sunshine, or percentage of possible sunshine, are also widely available. Methods for the use of these data to estimate solar radiation can be found elsewhere.
17,18
Typical meteorological year tapes were prepared by the Sandia Laboratories in Albuquerque for the years 1954 to 1972. 1a Data were prepared for 26 SOLMET stations and were processed as follows: Nine indices (total horizontal radiation; maximum and minimum, and mean of both dry bulb and dewpoint temperature, and the maximum and mean of wind speed) were identified as critical. For the preparation of the tapes, the data were weighted with the solar index as 50 percent and the rest of the factors as 50 percent. Typical months were identified by their closeness to long-term cumulative distribution functions.
The 26-station weather tape was used for this study to determine the magnitude and distribution of temperatures that can be expected in typical concrete bridge structures on days with extreme conditions at these locations. Each sta- 
Computed maximum temperature differences (°C) of 2 m (6.56 ft) deep bridge structures (unsurfaced) located at different SOLMET stations. 
SELECTION OF EXTREME DAYS
June 21 is the longest day of the year in the northern hemisphere and would, with absolutely clear sky conditions, exhibit the maximum total daily solar radiation of the year. Perfect clear sky conditions, however, are very rare in parts of the country, especially in some of the coastal regions. The conditions expected to produce maximum thermal loadings were therefore selected from the available data for the months of June and July, because those clearly contain the most favorable conditions for extreme temperature differentials.
The three important meteorological parameters which govern the temperature distribution in concrete bridge structures are total solar radiation, air temperature variation during the clay and the average wind speed. It is also important to know whether the three specific weather parameters can exhibit extreme values simultaneously to produce an absolute extreme temperature distribution. Emerson 2° determined that extreme environmental conditions were unlikely to occur on the same day in England.
The two most important weather factors to produce extreme temperature distributions are very high radiation accompanied by calm or very low wind speed. Solar radiation is the main source of heat energy to a bridge, and heat is lost back to the surroundings by reradiation and convection. The convective heat transfer coefficient is the smallest ''These days are arbitrarily detirnerl ms having a total solar radiation no less than 97 percent of the extreme and an average wind speed of no more than 20 percent more than for the corresponding extreme day.
under calm conditions and increases rapidly with increased wind speed. The daily temperature variation has a smaller overall effect, presumably because of the very small volumetric specific heat of air relative to concrete. For instance, within the range of expected temperature variations of 14°F to 36°F (8°C to 20°C), the maximum temperature difference in a 6.56 ft (2 m) deep beam was increased by 3.6° (2°C). On the other hand, an increase of wind speed from 0 to 11 mph (0 to 5 mis), which is highly likely, would decrease the maximum temperature difference in the same beam by about 28.8°F (16°C). In order to determine the possible coexistence of the extreme environmental conditions on any given day, correlation analyses were done on the three important weather parameters. Table 2 shows the correlation coefficients for the different variables, As can be expected, there is a relatively good correlation between the total daily ra- diation and temperature variation. This indicated that large temperature variations will accompany high daily radiation. Lower correlations were invariably found for coastal stations with a higher incidence of cloud cover. No correlation exists between average wind speed and either of the other two parameters.
Correlation Analysis

Climatical Data for Thermal Analyses
Due to the complexity of the meteorological system, it is not justified to simpl y combine extreme climatical conditions in order to determine hypothetical maximum temperature differences through a concrete structure. Provision for such a hypothetical condition can lead to overdesign and unnecessarily increase construction costs. An attempt was therefore made to determine realistic extreme conditions. Data for two actual days recorded at each weather station during June and July were used to calculate the corresponding temperature distributions. The first day represents the day with the highest total solar radiation during the typical meteorological year. The second day was selected from those during the typical year for which at least 95 percent of the radiation of the first day was recorded. The main priority for the choice of the second day was a combination of very low average wind speed and high total radiation. In making the selection, very little attention was given to ternperature variation during the day.
Evaluation of Maximum Radiation Values
The method by Threlkeld' $ and Duffie and Beckman19 is generally used in solar engineering for the theoretical determination of instantaneous beam as well as diffuse solar radiation. In order to evaluate the measured maximum radiation values, the solar radiation measurements at the different SOLMET stations were compared with the theoretical clear sky distribution on June 21. On average, theoretical total values are 2.5 percent less than those obtained from the hourly data. A larger deviation was obtained at coastal areas where absolutely clear sky conditions are rare.
When comparing the statistical average daily radiation at the different stations with the corresponding maximum reported values, it is evident that the measured values are well above average. The recorded radiation values are therefore considered suitable to represent the upper limit of radiation at the respective stations.
DATA FOR THERMAL ANALYSES
Thermal loading parameters that are specifically relevant to the summer extremes at the different SOLMET stations were deduced from the available meteorological data. Also, the attenuation of the temperatures through the structural concrete from the upper surface and specifically the influence of the thickness of existing bituminous surfacing were determined. Finally, deformation and stress criteria, which can be used as guidance for the incorporation of thermal loading into the bridge design process, were developed from the resulting analyses.
In the theoretical process of thermal analysis, where only limited data are available, the values of parameters have to be reliable. Assumptions made in the theoretical analysis are discussed in the following categories: climatical data, thermal properties of structural material and starting conditions in the structure.
Climatical Data
The ambient conditions as measured at the 26 SOLMET stations were used for the determination of the variation in thermal loading throughout the United States. The time was recorded at all the stations according to the solar time system, which is a more standardized approach than the regular time zone system. Wind speed was measured about 33 ft (10 m) above ground. To allow for the probable reduced exposure of bridges at heights which would normally be between fi and 26 ft (2 and 6 m) above ground and possible partial protection by the surroundings, the wind speed values used in the thermal analyses were reduced to 80 percent of those recorded. All the other weather data were used exactly as recorded.
Thermal Properties of Structural Material
A range of thermal properties is reported in the literature. Priestley2' performed a parametric study on the influence of different thermal properties of concrete on the response of bridge structures. The influence of changes in these properties within the range of experimentally determined values was found to be small. One exception, however, is the absorptivity of the exposed upper surface. This factor will be discussed in more detail later in this paper. The values for different thermal properties and variables that were used in the thermal analyses are presented in Table 3 .
Starting Temperature Distribution
A slightly higher temperature of 3 to 5°F' (2 to 3°C) normally exists at the upper parts of the deck compared to the lower parts at the minimum temperature distribution during the night. For these analyses, however, a uniform starting temperature distribution was assumed. The discrepancy between measured and assumed starting temperatures can be diminished by repeating the thermal analysis for the same day, using the distribution determined for the end of the initial period as the starting distribution of the second analysis.
THERMAL ANALYSES FOR 26 SOLMET STATIONS
The linear heat flow model described earlier was used for a variety of thermal analyses. In four series of analyses, concrete structures of different depths were analyzed with plain concrete tipper surfaces, and with 2 in. or 4 in. (50 min or 100 mm) thick bitumen blacktops, respectively, under the specific weather conditions at each of the 26 SOLMET stations. In the first series, the weather data of two different days (described earlier) were used to compute the ten3-perature distribution through a 6.56 ft (2 m) deep structure.
The day which gave rise to the larger temperature difference through the strictures at each of the stations was used for the analysis of structural concrete of 3.28 ft (1.0 m) thickness in the second series, 1.64 ft (0.5 m) thickness in the third series, and a structure with an air cavity in the fourth series. The thickness of the deck slab was 7.87 in. 
RESULTS OF THERMAL ANALYSES OF SOLID STRUCTURES
The comparatively low conductivity of concrete does not allow significant heat penetration from the top to depths of 3 ft (1 m) or snore. Minor temperature increases are also experienced in the bottom 8 in. (0.2 m) of the structure.
The geographical variation of the maximum temperature differences through the 6.56 ft (2 m) structure with an exposed concrete top surface, 2 and 4 in. (50 and 100 mm) 
Analysis of the geographical presentation of the results can Iead to the identification of regions with similar thermal loadings. The stations representing the desert and semidesert parts of the country, e.g., western Texas, New Mexico, Arizona, Nevada and eastern California, exhibited the highest temperature differences between the top and bottom parts of the bridge structures. The values obtained for structures with no blacktop in this region (Fig. 3) are between 54 and 58°F (30 and 32°C). On the other hand, coastal weather parameters moderate the differences along the coast line. The frequent occurrence of high wind speeds at Dodge City, Kansas, where the highest one day radiation of all the SOLMET stations was recorded, moderated the calculated temperature difference of an unsurfaced bridge structure at 47°F (26°C).
The climatical data for the stations in the Midwest produced very similar results with temperature differences ranging from 43 to 47°F (24 to 26°C). Nashville, 'Tennessee, with a maximum temperature difference of 49°F (27°C), can also be included in this region. Thermal analyses for all the stations along the Gulf Coast, including Miami, yielded temperature differences of 38 to 40°F (21 or 22°C). The recorded solar radiation at these stations were medium to low. The fact that this part of the country has the lowest atmospheric clearness number supports the results. The constant Gulf Coast winds of between 4.5 and 13 mph (2 and 6 mis) resulted in the reduction of maximum temperature differences. Table I indicates the number of days in the typical year that would approach the maximum calculated temperature differences for each station. These days were arbitrarily defined as having a total solar radiation of at least 97 percent of the day which caused the maximum condition together with an average wind speed of no more than 20 percent higher than the average wind speed of the reference day. For the vast majority of the stations, the extreme conditions were very seldom approached during June and July.
Weather data for the stations at Brownsville, Texas; El Paso, Texas; Phoenix, Arizona; Medford, Oregon; and Fresno, California, show a probable incidence of 7 to 9 days during the 2 month period with conditions favorable for large temperature differences. Brownsville is the only station of this group for which the computed maximum temperature difference was lower than 50°F (28°C) for the concrete structure with no blacktop. At the other stations, extreme conditions were approached between 1 and 5 days per year. Distress, in the form of unwanted cracking, is more likely to occur with repeated high thermal loadings at the first-mentioned stations.
SENSITIVITY ANALYSES
As stated earlier, the important weather parameters influencing temperature differences are radiation and wind speed, while the ambient temperature variation has a smaller influence. Two sets of sensitivity analyses were performed on a 6.56 ft (2 m) deep bridge using the weather data of Stations 4 and 13. The results indicate that a 10 percent increase in the total radiation would in- crease the maximum temperature difference by about 5.4°F (3°C). The total radiation received by the structure is directly related to the absorptivity of the top surface. A variation in this parameter of up to 20 percent can exist for the same structure depending on the top surface. If the wind speed increases by 2.2 mph (1 m /s), the temperature difference is reduced by about 2.7°F (1.5°C). Average wind speed differences of up to 6.7 mph (3 m/s) are quite common on days with very high total radiation. When different days with extreme conditions are compared, the total ambient temperature changes compare within 2 to 7°F (1 to 4°C) and the related temperature differences in bridge structures correspond within 2°F.
VERTICAL TEMPERATURE DISTRIBUTIONS
The wide variety of thermal conditions which exist throughout the United States was reflected in the maximum temperature difference results obtained for webs. The variation in temperature distributions under these conditions and especially the bridge response to these temperature loadings are important in bridge analysis. In order to determine the vertical temperature distribution in a typical web structure, the 6.56 ft (2 m) deep rectangular section described previously was analyzed.
The SOLMET weather stations at Brownsville,'1'exas, and Phoenix, Arizona, represent the lower and upper limits of the computed maximum temperature differences (Figs. 3 to 5) . The temperature distributions associated with the weather data of the other stations fall mainly within the bounds set by these two stations. The temperature distributions obtained from the weather data of these two stations are illustrated in AIthough the temperature distributions for the two weather stations do not differ significantly, the horizontal separation in the top 8 in. (0.2 m) of the structure is between 7 and 18°F (4 and 10°C) for the unpaved structures. Differences of this magnitude in temperature distribution can cause substantial differences in bridge response.
The computed temperature distributions have a notably larger gradient than the curve of the New Zealand Code. The maximum temperature distribution is a function of the blacktop thickness.
The blacktop serves as insulation and, due to thermal lag, the maximum teTnperature distribution occurs at a later stage in the concrete structure when it is covered with a thicker pavement. Maximum temperature distributions were generally recorded at 1400, 1530, and 1700 hours local solar time for the unsurfaced structure, 2 and 4 in. (50 and 100 mm) blacktop structures, respectively.
The computed temperature distribution for Phoenix, Arizona, closely resembles the corresponding curve of the New Zealand Code for the structure with 2 in. (50 mm) of blacktop. For the unsurfaced structure, the computed curve is slightly below that of the New Zealand Code, while for the structure with the 4 in. 
INDUCED CURVATURES OF BRIDGE SECTIONS
Temperature loadings do not induce the same response in all types of bridges. The response is mainly dependent on the type of cross section of a superstructure, the span configuration, the degree of fixity and the bridge material.
In this section, an attempt will be made to generalize the response in typical box girder cross sections depending on their depths and to obtain a general thermal curvature for the typical sections depending on the specific thermal loading. A variety of bridge cross sections have been analyzed elsewhere,' but only the general box girder cross section is discussed here.
Constant depth box girder bridges are used for longer span bridges with span lengths normally in the range of 78 to 250 f (24 to 75 in). A wide range of cross sections are used in practice and, although some basic dimensional limits are set by the AASHTO Code,' the different structural requirements as well as aesthetic considerations make it difficult to generalize cross sections. However, similar thermal curvature responses were found for different structures with the same section depth. The response of 18 existing box girder bridges were computed using the thermal analysis program.' The bridges studied included the Kishwaukee River Bridge,`5 .1e the experimental segmental bridge at Perin State, 2' and others from various published and unpublished sources.
The temperature distributions from Brownsville, Texas (Station 6), and Phoenix, Arizona (Station 15), were used For the analyses, since these stations produced the lowest and highest temperature gradients, respectively, of the 26 stations considered. Provision was made for the fact that at extreme conditions, temperatures in the slab above the air cavity are a few degrees higher than those at the same height in the web sections and that the temperature gradient in the slab is also smaller.s•"
For each of the box girder bridges,. only the most typical section was analyzed. The thermal curvatures for the 18 bridges computed from the temperature distributions at Stations 6 and 15 are shown in Figs. 9 and 10 . Only the plotted points for the unsurfaced bridge are shown.
The relatively small scatter of points made it possible to represent the values with a third order polynomial. The presentation of the data points by polynoinials can be slightly improved by dividing the depth range into two sets, 3 to 8 ft, and 8 ft and above (1 to 2.5 m and 2.5 m and above), for two individual sets of equations.
In order to compute the top and hottorn flange stresses of bridge decks, values of residual stresses must also be known. The residual stress is the thermally induced stress at the soffit of a statically determinate member Isee Fig.  A2(d)1. A linear Function depending on the deck depth was found to yield acceptable results. The residual stresses should not be taken to be particularly accurate because they were derived from a one-dimensional heat flow analysis applied to a two-dimensional cross section, but the stresses should properly indicate trends. 
APPLICATION TO PRETENSIONED BRIDGES
The temperature differentials which are computed and observed in concrete bridges lead to significant stresses and deformations. The temperature related stresses are often of the same general magnitude as the allowable service load stresses, as the stresses shown in Appendix A demonstrate.
However, it is suggested that the bridge design profession move very slowly in incorporating thermal stress calculations and stresses into the design process. While it is clear that thermal stresses and deformations have damaged a few structures, 2a it appears that these are a relatively few cases in a very large bridge population.
One result of the restraint of thermal deformations is the development of positive moments at interior supports (see Appendices A and B). The composite pretensioned I-girder bridge which is made continuous by means of deck reinforcement and compression concrete cast between the girder ends would appear to be especially vulnerable to damage. There is no dead load negative moment at the interior supports, and there may be no positive moment connection of any kind. Moments maybe induced as a result of creep and shrinkage strains, but these moments can he either positive or negative, depending on many variables. 24 Thus, the thermal deformations would be expected to cause significant positive moments and, consequently, cracking at interior supports, but this damage does not appear to have occurred in this type of bridge. If the thermal deformations cause significant positive moment cracking at the interior supports, the forces are temporarily relieved. However, if the cracks are of any size, they will not close very well when the thermal deformations are removed, and an accumulation of local crushing damage would be expected. This does not appear to have been reported.
The recommendation that changes be introduced very cautiously is based on the observation that very little damage has occurred in bridges which can be traced directly to thermal stresses and deformations.
It is clear that thermally induced cracking has damaged some post-tensioned box girder bridges Theoretical methods are available to generate values for weather parameters that can be used for the successful thermal analysis of bridge structures at any location in the United States for which only limited weather data exist. A wide range of thermal loadings will be produced due to the large variation of climatical parameters. It is evident that the combination of weather conditions which will result in an extreme temperature distribution in bridge structures would be clear days with high solar radiation and very low wind speeds.
A large range in air temperature also increases the differential temperature in the bridge, but this is a smaller factor. The data for the 26 SOLMET stations were successfully used to compute probable temperature distributions in bridges located at different parts of the United States. The geographical region at highest risk for stress due to thermal loadings was identified as the desert Southwest. In turn, the effects of nonlinear temperature distributions in bridges along the coast are much less important in design.
The analysis of bridge structures for thermal loadings is appreciably simplified by the use of the curvature-depth and the residual stress-depth relationships. If the magnitude of thermal stresses or the size of the project warrants more in-depth beat flow analyses, the equations would give acceptable accuracy for preliminary design purposes.
APPENDIX A ---EXAMPLE OF TEMPERATURE INDUCED STRESS CALCULATIONS (EXAMPLE IN SI UNITS)
A simple example is used to show the analysis steps and the general results of applying a nonlinear temperature distribution to an elastic, untracked concrete member. A rectangular section is used. More typical sections such as Tsections can be handled, but the amount of arithmetic increases significantly and the general pattern of response remains the same.
Fig . Al shows the section, and the temperature distribution prescribed by the New Zealand Ministry of Works and Development." The fifth order curve has been shown to be a reasonable approximation of measured distributions, and the 32C differential is appropriate for New Zealand. This temperature distribution produces stresses and deformations in the member which can be superimposed with those from other causes, within the limits of elasticity, These temperature stresses can be computed by a series of steps, with the coinponents added to produce total stresses.
Step 1 -Compute stresses assuming deformations caused by temperature increase are completely restrained. The stress at any point is then: = Young's modulus of material Fig. A2(b) shows the stresses resulting in a 1700 mm deep section from the temperature distribution shown in Fig. Al, assuming the case of complete restraint of thermal strains. The top fiber stress is -8.0 N/mm z. The stresses have been resolved into the two force components also shown in Fig. A2(b) .
Step 2 -The stresses are, of course, not fully restrained, and this is taken into account by applying the two compression forces as tension forces acting at the same locations. Stresses from these two forces are computed using the familiar equation:
_f =P A +l-Mull and the resulting stress distribution is shown in Fig. A2-(c) . This distribution is linear.
Step 3 -'The stresses shown in Figs. A2(b) and (c) are then added, giving the distribution shown in Fig. A2(d) . This final stress distribution is in internal equilibrium, with the stresses producing neither net moment nor net thrust.
If the member is statically detenninate, there are no other forces to be considered, although there are also curvatures. If the original temperature distribution had been linear, the stress components would have completely canceled out, although there still would have been curvatures.
Step 4 -The curvature induced can be found by converting the stresses shown in Fig. A2 (c) to strain and dividing the algebraic difference between top and bottom fiber strains by the section depth, or b y dividing the net moment caused by the forces shown in Fig. A2(b) by El. For this particular example, the curvature is: Step 5 -The top side of the member is the heated side, so the member bows or hogs up. The upward deflection for this prismatic member is:
If the member is statically indeterminate, this tendency to camber upward produces additional stresses and forces in the member. Fig. A3 shows an assumed two-span continuous member, with spans of 25 m, along with the curvature due to the temperature gradient. If the structure is made determinate by removing the central support, it will be found that the member cambers up 32.25 mm away from the central support, or at least would if it were weightless.
Step 6 -A force is required to push the beam back down to the central support, and this causes the moment diagrain shown in Fig. A3(d) . The moment is independent of the length of the member. This moment diagram is superposed with those from the other dead and live loads in a determination of total stress. The 1.5 factor in the equation for the moment due to the restraining force, dr (E1)1.5, is specific to a two-span beam and will be smaller for structures with more spans.
Step 7 - Fig. A4 completes the superposition process to find the total temperature induced stress at the central support. Fig. A4(b) shows the stress distribution in the determinate beam, and Fig. A4(c) shows the stress distribution at the central support caused by the continuity moment. Fig. A4(d) shows the total stresses over the depth of the section at the central support.
It will be noted that these stresses generally are in opposition to those caused by the gravity load forces, but that they are generally additive to stresses caused by post-tensioning. At a midspan section, the continuity stresses would be half those shown here, but they are additive to the gravity load stresses. It is thus not always clear which section might he hurt worse by temperature induced stresses, but it is clear that these elastic stresses may be a major fraction of the usual service load allowable stresses, itive moment equal to 0T*EI, to both ends of a member will exactly counteract the thermal curvature, resulting in a straight member. This is in effect a fixed end moment, and the most efficient way of dealing with this is to make the member determinate by breaking it into three separate spans.
Each span then has fixed end moments equal to:
4 r*EI e = 1.170* 10 -' rad/in. *4500 ksi*32,005,000 in.4 = 168,506 kip-in. A moment distribution solution leads to M -194,793 kip-in. at the interior supports, and the moments are distributed along the length of the structure as shown in Fig. B1 . The support moments are 1.156 times the fixed end moments, and the 1.156 factor is specific to the span lengths considered. This is a positive moment, so it produces a bottom fiber tension of: fib = 194,793 kip-in.*88.534 in./ 32,005,000 in.4 _ +0.539 ksi The residual stress was -0.228 psi (compression), leaving a net bottom fiber tension stress of +0,311 psi tens ion.
As noted earlier, the residual stress should not he assumed to be too precise, but the conclusion remains that there is a significant bottom fiber tension throughout the interior span as a consequence to the thermal loading.
